Background: The androgen receptor splice variant-7 (AR-V7) has been implicated in the development of castration-resistant prostate cancer (CRPC) and resistance to abiraterone and enzalutamide. Objective: To develop a validated assay for detection of AR-V7 protein in tumour tissue and determine its expression and clinical significance as patients progress from hormone-sensitive prostate cancer (HSPC) to CRPC. Design, setting, and participants: Following monoclonal antibody generation and validation, we retrospectively identified patients who had HSPC and CRPC tissue available for AR-V7 immunohistochemical (IHC) analysis. Outcome measurements and statistical analysis: Nuclear AR-V7 expression was determined using IHC H score (HS) data. The change in nuclear AR-V7 expression from HSPC to CRPC and the association between nuclear AR-V7 expression and overall survival (OS) was determined. Results and limitations: Nuclear AR-V7 expression was significantly lower in HSPC (median HS 50, interquartile range [IQR] 17.5-90) compared to CRPC (HS 135, IQR 80-157.5; p < 0.0001), and in biopsy tissue taken before (HS 80,3) compared to after (HS 140, IQR 105-167.5; p = 0.007) abiraterone or enzalutamide treatment. Lower nuclear AR-V7 expression at CRPC biopsy was associated with longer OS (hazard ratio 1.012, 95% confidence interval 1.004-1.020; p = 0.003). While this monoclonal antibody primarily binds to AR-V7 in PC biopsy tissue, it may also bind to other proteins. Conclusions: We provide the first evidence that nuclear AR-V7 expression increases with emerging CRPC and is prognostic for OS, unlike antibody staining for the AR Nterminal domain. These data indicate that AR-V7 is important in CRPC disease biology;
Introduction
Patients with advanced prostate cancer initially respond to androgen deprivation therapy (ADT), but inevitably relapse with fatal castration-resistant prostate cancer (CRPC); there is increasing evidence of ongoing androgen receptor (AR) signalling with rising prostate specific antigen (PSA), increased steroidogenesis, and occasionally activating point mutations within the AR ligand-binding domain [1] [2] [3] [4] [5] . This led to the development of abiraterone acetate (AA) and enzalutamide (EZ), which effectively target AR signalling in CRPC and improve patient outcome [6] [7] [8] [9] . However, resistance to both agents is common and may be due in part to constitutively active AR splice variants (AR-Vs), of which AR variant-7 (AR-V7) is the most well studied. Consistent with this, a recent study demonstrated limited responses to AA and EZ in patients with detectable levels of AR-V7 RNA in circulating tumour cells [3] . AR-V7 is truncated after canonical AR exon 3, with inclusion of a cryptic exon 3b (CE3b) derived from an intron in the expressed protein [10] . AR-V7 expression is associated with a rearranged AR gene and can also be produced by aberrant pre-mRNA splicing due to androgen deprivation induced by castration, AA, EZ, or ARN-509 [4, 11, 12] . The ability of the intrinsically disordered AR Nterminus to continue AR signalling in the absence of ligand binding has been proven by deletion constructs [13] . Castration-resistant cell lines including 22Rv1 and the EZresistant LNCaP95 harbour AR-Vs. Specific inhibition of AR-V7 with siRNA to CE3b inhibits tumour growth [1, 12, 14] . Treatment with AA or EZ results in increased expression of AR-Vs, with AR-V7 being the most highly expressed [10, 15, 16] . Cell constructs in which AR-V7 is expressed are resistant to drugs targeting the AR ligand-binding domain [14] . AR-V7 expression may have utility as a predictive biomarker and is an important therapeutic target.
Originally, studies indicated that AR-V7 heterodimerises with full-length AR (AR-FL) [14, 17] . This suggested that AR-FL blockage would inhibit AR-V7 activity. However, AR-V7 also homodimerises to itself and heterodimerises with other AR-Vs, binding to androgen response elements to generate a signal independent of AR-FL [18, 19] . Analysis of this potentially key resistance mechanism in clinical samples has been challenging because of low levels of AR-V7 mRNA and the lack of a reproducible tumour tissue assay. We established a validated assay and show for the first time in matched tumour samples from the same patients how AR-V7 expression changes from hormonesensitive prostate cancer (HSPC) to CRPC, and evaluate its clinical significance. The data we report here are important in the interpretation of an ongoing randomised trial using this antibody to detect AR-V7 in circulating tumour cells as a putative predictive biomarker in patients whose cancer has progressed on EZ or AA (NCT02485691).
2.
Materials and methods cells and then selected with 1 mg/ml puromycin (Invitrogen) for 10 d.
Stably transduced M12 lines were maintained in RPMI 1640 supplemented with 5% FBS, 0.01 mM dexamethasone (Sigma Aldrich, St. Louis, MO, USA), 10 ng/ml epidermal growth factor (Invitrogen), 10 ml/l insulin-transferrin-selenium (Cellgro, Tewksbury, MA, USA), 100 IU/ml penicillin, and 100 mg/ml streptomycin at 37 8C with 5% CO 2 .
siRNA and quantitative RT-PCR
siRNA studies were performed with cells reaching $70% confluence.
Cells were transfected with 50 nM siRNA (Supplementary 
Tissue analysis
IHC was performed using the rabbit AR-V7 monoclonal antibody clone EP343 (Epitomics). 
Statistical analysis

HS data are reported as median values with interquartile range (IQR).
Wilcoxon signed-rank and Mann-Whitney tests were used to compare differences in expression levels. Time to CRPC was defined as the time from diagnosis to biochemical and/or radiological progression on luteinising hormone-releasing hormone (LHRH) agonist alone or with anti-androgen if started before/or with LHRH agonist with castrate serum level of testosterone. Median time to CRPC was estimated using the Kaplan-Meier method; Cox regression modelling was used to determine association with HS. Overall survival (OS) was measured from the date of CRPC biopsy to the date of last contact (1 patient on regular follow up; censored at last contact) or date of death from any cause (36 patients). The Kaplan-Meier product-limit method was used to estimate median OS for patients grouped by tertiles (to ensure approximately 10 events per group) for nuclear AR-V7 expression, nuclear AR-NTD expression, and the nuclear AR-V7/AR-NTD expression ratio. The association between protein expression and OS was determined using univariate Cox regression models; linear trend tests were evaluated by determining orthogonal polynomials. The association between the magnitude of PSA decline at 12 wk and nuclear AR-V7 expression was evaluated using univariate linear regression models.
Biochemical response to AA was defined as !50% decline in PSA from baseline at 12 wk. Statistical analyses were performed using Prism v.6
(GraphPad, La Jolla, CA, USA) and SPSS v.21 (IBM, Armonk, NY, USA).
Results
Antibody production and specificity
A polyclonal antibody (H6253) to CE3b of AR-V7 was initially developed. Antibody specificity was determined by immunoprecipitation and western blotting of AR-V7-transfected M12 cell lysate ( Supplementary Fig. 1A,B) . Following confirmation, fusions were performed and a rabbit monoclonal antibody that detected AR-V7, but not AR-FL or ARV567es, was generated (EP343; Fig. 1A,B) . Next, endogenous expression of AR-V7 in prostate cancer cell lines was examined (Fig. 1C) . Of note, nonspecific bands were observed for all cell lines. RT-PCR of PC3 mRNA showed that no AR-V7-specific RNA was present ( Supplementary Fig. 1C ). To further confirm this negative result, RNA in situ hybridisation for AR and AR-V7 was carried out. As expected, VCAP and 22Rv1 were positive for AR and AR-V7 RNA, while PC3 was negative for both ( Supplementary Fig. 2 ). To further demonstrate the ability of the antibody to detect AR-V7, LNCaP95 cells were transfected with siRNAs to ARexon1, ARexon7, AR-V7 CE3b, or siRNA scrambled. Suppression of AR-V7 protein was observed with siRNAs to exon 1 and CE3b, but not the scrambled siRNA or exon 7, an exon absent from AR-V7 (Fig. 1D) . Overall, these data indicate that the antibody binds to AR-V7 but may bind to other proteins.
IHC
The AR-V7 antibody was next optimised for IHC. 22Rv1 was positive for AR-V7 (HS 150) while DU145 showed no reactivity (HS 0; Fig. 1E ). To confirm that this was AR-V7, 22Rv1 was treated with CE3b siRNA and a decrease in staining was observed (HS 70; Fig. 1E ). However, PC3 was negative for AR-NTD but showed AR-V7 positivity that was not decreased by CE3b siRNA (Fig. 1E) . These data are consistent with the western blot finding that this antibody can react with nonspecific protein targets as well as AR-V7. We next tested LuCaP xenografts for AR-V7 and AR-NTD expression. In neuroendocrine lines, very low or undetectable levels of AR-FL and AR-V7 were observed (Supplementary Fig. 3C ). By contrast, xenografts with detectable AR-V7 mRNA yielded positive IHC results ( Supplementary Fig.  3A ,B), further confirming that EP343 detects AR-V7 in tissue by IHC analysis. Similar results were acquired by both laboratories (LNCaP95, 22Rv1, PC3, and DU145 cell pellets), demonstrating assay reproducibility. In CRPC liver metastases, AR-V7 nuclear positivity was observed in bile ducts that were AR-NTD negative LNCaP95s were transfected with siRNAs targeting either cryptic exon 3B (si V7), exon 7 (si ex7), exon 1 (si ex1), scrambled SiRNA (si SCR), or an input control. Note that siRNAs directed at components of AR-V7 (si V7 and si ex 1) reduced EP343 staining, but siRNA directed at exon 7 had no effect. (E) IHC on 22Rv1 (positive for AR-NTD and AR-V7), DU145 (negative for AR-NTD and AR-V7) and PC3s which are negative for AR-NTD and should be negative for AR-V7 but have obvious EP343 staining. Both PC3 and 22Rv1 were transfected with AR-V7 (cryptic exon 3B) siRNA and then pelleted for EP343 IHC staining. The targeted siRNA reduced AR-V7 in 22Rv1 IHC but not in PC3.
( Supplementary Fig. 4A ). Similarly, AR-V7 positivity was observed for colorectal cancer and basal cells of benign respiratory epithelium ( Supplementary Figs. 4C and 5A) . Critically, no AR-V7 RNA was observed by RNA in situ hybridisation ( Supplementary Figs. 4B,D and 5B). These data indicate that the antibody may also detect a non-CE3b target. Critically, to ensure that the antibody was detecting AR-V7 in our patient cohort, we carried out protein and RNA isolation followed by western blotting and qPCR analysis on fresh tissue from a selection of CRPC patients. Expression of AR-V7 at the correct size was the major protein detected in western blots (Fig. 2A). 
3.3.
Nuclear AR-V7 and AR-NTD expression increases as prostate cancer becomes castration resistant, and increases further with AA and/or EZ resistance
Matched HSPC and CRPC tissue was available from 33 patients to evaluate nuclear expression of AR-V7 and AR-NTD (matched cohort; Supplementary Table 3) . To determine changes in nuclear AR-V7 and AR-NTD expression during progression from HSPC to CRPC, HS data for expression were calculated from IHC (Fig. 2B) . Nuclear To determine the effect of AA or EZ treatment on nuclear AR-V7 and AR-NTD expression, patients with CRPC biopsies (n = 35; 31 patients from the matched cohort and 4 patients with CRPC biopsies only) who received treatment with AA or EZ were divided into two groups: patients who had biopsies before AA or EZ treatment (n = 14) and patients who had biopsies after AA or EZ treatment (n = 21). These were compared to the HSPC biopsies (33 patients from matched cohort). The median time of CRPC biopsy was 3.9 mo (IQR 0-7.7) before AA or EZ and 9.6 mo (IQR 6-23.6) after AA or EZ treatment. Mean nuclear AR-V7 expression increased from HSPC biopsies (HS 50, IQR 17.5-90) to a higher level following castration but before AA or EZ treatment (HS 80, IQR 30-136.3) to the highest level after AA or EZ treatment (HS 140, IQR 105-167.5; Fig. 3C ). The increase in nuclear AR-V7 expression between HSPC and after AA or EZ treatment was highly significant (p < 0.0001), as was the increase in nuclear AR-V7 between pre and post AA or EZ (p = 0.007) treatment biopsies. However, the difference in nuclear AR-V7 expression between HSPC and biopsies before AA or EZ treatment was not significant (p = 0.139; Fig. 3C ). Median nuclear AR-NTD expression increased from HSPC biopsies (HS 80, IQR 60-110) to CRPC biopsies before AA or EZ treatment (HS 210, IQR 165-250; Fig. 3D ). However, median nuclear AR-NTD expression decreased in CRPC biopsies after (HS 130, IQR 87.5-215) compared to before AA or EZ treatment (Fig. 3D) . Differences in AR-NTD expression levels among all the groups were statistically significant.
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3.4.
Nuclear AR-V7 expression in HSPC is correlated with time to castration resistance Thirty-three patients had HSPC biopsies and all patients developed CRPC whether treated with systemic therapy or radical treatment (prostatectomy and/or radiotherapy). 1.02, 95% CI 1.002-1.032; p = 0.03), but not among those who received radical treatment (HR 1, 95% CI 0.988-1.008; p = 0.634; Supplementary Fig. 6A,B) .
Nuclear AR-V7 expression and the nuclear AR-V7/AR-NTD
expression ratio are associated with worse CRPC prognosis Thirty-seven patients had CRPC biopsies and were evaluable for OS from time of CRPC biopsy. As the prognostic significance of AR-V7 protein levels using EP343 has not been evaluated in patient tissue, we investigated the association of nuclear AR-V7 expression, nuclear AR-NTD expression, and the nuclear AR-V7/AR-NTD ratio in CRPC biopsies with OS from time of CRPC biopsy. Baseline characteristics for the 37 patients included in these analyses are shown in Table 1 . Median OS from time of CRPC biopsy was 10.7 mo (95% CI 8.9-12.5). Nuclear AR-V7 (continuous variable) was significantly associated with OS (HR 1.012, 95% CI 1.004-1.020; p = 0.003). We divided the patient cohort into tertiles of nuclear AR-V7 expression; median OS was 15.6 mo (95% CI 9.6-21.6) for patients in the first tertile (HS 96.7), 10.7 mo (95% CI 8.3-13.1) for patients in the second tertile (HS >96.7-143.3), and 7.1 mo (95% CI 3.1-11.2) for patients in the third tertile (HS >143.3; Figs. 4 and  5A ). There was a significant linear trend in the univariate Cox regression model (p = 0.002).
In contrast to nuclear AR-V7 expression, nuclear AR-NTD expression was not significantly associated with OS from time of CRPC biopsy (HR 0.998, 95% CI 0.993-1.003; p = 0.411). Median OS was 6.8 mo (95% CI 0-13.9) for patients in the first tertile (HS 136.7), 9.8 mo (95% CI 6.9-12.7) for patients in the second tertile (HS >136.7-210), and 14.8 mo (95% CI 9-20.7) for patients in the third tertile (HS >210; Fig. 5 ). The linear trend test was not significant (p = 0.275; Figs. 4 and 5B). Next we determined whether the nuclear AR-V7/AR-NTD expression ratio was associated with OS from time of CRPC biopsy. Patients with a lower AR-V7/AR-NTD ratio had significantly longer OS (HR 2.583, 95% CI 1.424-4.684; p = 0.002). Median OS was 15.6 mo (95% CI 11.5-19.8) for patients in the first tertile (ratio 0.5), 9.6 mo (95% CI 8.4-10.8) for patients in the second tertile (ratio >0.5-0.81), and 8.8 mo (95% CI 0-17.5) for patients in the third tertile (ratio >0.81; Figs. 4 and 5C ). There was a significant linear trend in the univariate Cox regression model (p = 0.017). There were no significant differences in baseline patient characteristics (age, haemoglobin, albumin, alkaline phosphatase, lactate dehydrogenase, visceral metastasis, and performance status) among tertiles for nuclear AR-V7, nuclear AR-NTD, or the nuclear AR-V7/AR-NTD expression ratio (data not shown). 
3.6.
Nuclear AR-V7 expression and response to AA Twelve patients had CRPC biopsies before AA treatment and evaluable PSA response data (Supplementary Table 3 ). The median time for CRPC biopsy before AA initiation was 2.0 mo (IQR 0-9). There was a significant association between the magnitude of PSA decline at 12 wk and the AR-V7 HS (p = 0.043). Two (17%) patients experienced PSA responses (!50% change from baseline) after 12 wk of treatment ( Supplementary Fig. 7 ). Patients who responded to AA had lower median nuclear AR-V7 (n = 2; HS 30, IQR 30-30) than patients who did not respond (n = 10; HS 80, IQR 45-128.8), although the difference was not significant (p = 0.197).
Discussion
The primary objective of this study was analytical validation and clinical qualification of a new antibody to the cryptic exon of AR-V7. This monoclonal antibody detects AR-V7 but may also bind additional, as yet unidentified, proteins, although we have shown that the antibody primarily binds AR-V7 in patient tumour samples. Our AR-V7 IHC assay is best utilised in conjunction with an AR-NTD antibody to minimise false positives, as conducted in our studies. We then evaluated the clinical relevance of IHC staining with this antibody for the following reasons: (1) the majority of published studies have focused on AR-V7 mRNA expression in circulating tumour cells, with AR-V7 protein expression having a much longer half-life than AR-V7 mRNA [24] ; (2) there are no published data available on matched HSPC and CRPC tumour samples taken from the same patient; and (3) this antibody is currently being used to detect AR-V7 protein in circulating tumour cells as a putative predictive biomarker in a randomised clinical trial (NCT02485691). We observed a significant increase in nuclear AR-V7 protein levels from HSPC to CRPC in our patient cohort, of which nearly all patients had received docetaxel and AA. Interestingly, a small subset of patients actually showed the reverse trend, with a decrease in nuclear AR-V7. We hypothesise that while some tumours express AR-V7 in response to androgen ablation, some tumours may acquire resistance to AA or EZ via increased androgen biosynthesis that results in lower AR-V7 expression [12] . An alternative explanation for the decrease may be an increase in other AR variants that are constitutively active. Although AR-V7 is the most common constitutively active AR variant, we have recently described a number of AR-Vs detectable in metastatic biopsy specimens from patients relapsing following AA or EZ therapy [25] . Regardless of the mechanism, however, such biopsies only capture a single time point in the growth of lethal metastases, so the heterogeneity of changes in AR-V7 staining is not unexpected.
Importantly, this study highlights that AR-V7 protein expression is a biomarker of poorer prognosis and increases with emerging drug resistance. Hornberg et al [26] also showed that patients with AR-V7 mRNA expression in the highest quartile had poorer prognosis compared to patients with lower AR-V7 levels [26] . This association was confirmed in a study by Antonarakis et al [3] in which AR-V7 mRNA was determined in metastases as well as in circulating tumour cells [3] . The present study demonstrates a significant trend towards poorer outcome among patients with increased AR-V7 protein expression, in keeping with previous reports for nonmatched cohorts [26] [27] [28] , and points to an association between AR-V7 expression and poor prognosis.
Conclusions
This is the first longitudinal report demonstrating increasing AR-V7 protein expression in matched same-patient biopsies before and after endocrine treatment from patients with emerging resistance. The data indicate that AR-V7 protein expression increases substantially following castration in many but not all CRPCs, and that AR-V7 levels are associated with poorer outcome, regardless of AR-FL protein expression. However, because the rabbit monoclonal antibody EP343 is not completely specific to AR-V7, its future use to guide therapeutic choice is best pursued alongside AR-FL protein expression. These data support the claim that AR-V7 is important in driving treatment resistance in this disease. Moreover, our finding that AR-V7 expression decreases in some tumours during the emergence of resistance indicates that AR-V7 expression is not the sole mechanism underlying treatment resistance in CRPC.
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